Cajal-Retzius (CR) cells are a transient population of neurons in developing cortical layer 1 that secrete reelin, a protein necessary for cortical lamination. Combining calcium imaging of cortical hemispheres and cross-correlation analysis, we previously found spontaneous correlated activity among non-CR neurons in postnatal rat layer 1. This correlated activity was blocked by GABAergic and glutamatergic antagonists, and we postulated that it was controlled by CR cells. We now investigate the correlated activity of embryonic and postnatal layer 1 in wild-type and reeler mice, mutant in the production of reelin. We find that mouse layer 1 also sustains patterned spontaneous activity and that CR cells participate in correlated networks.
Cajal-Retzius (CR) cells are a transient population of neurons in developing cortical layer 1 that secrete reelin, a protein necessary for cortical lamination. Combining calcium imaging of cortical hemispheres and cross-correlation analysis, we previously found spontaneous correlated activity among non-CR neurons in postnatal rat layer 1. This correlated activity was blocked by GABAergic and glutamatergic antagonists, and we postulated that it was controlled by CR cells. We now investigate the correlated activity of embryonic and postnatal layer 1 in wild-type and reeler mice, mutant in the production of reelin. We find that mouse layer 1 also sustains patterned spontaneous activity and that CR cells participate in correlated networks.
These networks are present in embryonic marginal zone and are blocked by GABAergic and glutamatergic antagonists. Surprisingly, network activity in reeler mice displays similar characteristics and pharmacological profile as in wild-type mice, although small differences are detected. Our results demonstrate that the embryonic marginal zone has correlated spontaneous activity that could serve as the scaffold for the development of intracortical connections. Our data also suggest that reelin does not have a major impact in the development of specific synaptic circuits in layer 1.
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After completing their radial migration (Rakic, 1974) , developing pyramidal neurons make synaptic connections in the marginal zone (Marín-Padilla and Marín-Padilla, 1982 ), a relatively cellsparse region populated by C ajal-Retzius (CR) cells (Ramón y Cajal, 1904) . As the cortex develops, the marginal zone becomes layer 1 and CR cells disappear, by either apoptosis or differentiation into nonpyramidal cells (Marín-Padilla, 1972; Parnavelas and Edmunds, 1983; Derer and Derer, 1990; Del Río et al., 1995) . CR cells and their equivalents in hippocampus produce an extracellular matrix protein called reelin, defective or absent in mouse reeler mutants (D'Arcangelo et al., 1995; Hirotsune et al., 1995; Ogawa et al., 1995) , which shows altered neuronal migration in neocortex, hippocampus, and cerebellum (C aviness and Sidman, 1973) . Reelin is also involved in the axonal growth and synaptogenesis of entorhinal projections to the hippocampus (Del Río et al., 1995; Borrell et al., 1999) . These findings indicate that layer 1 is likely to play a major role in cortical development.
Besides CR (horizontal) neurons, two other cell types are found in developing layer 1: vertical cells with descending axons and neurogliaform cells (Ramón y C ajal, 1904; Marín-Padilla, 1984; Hestrin and Armstrong, 1996; Z hou and Hablitz, 1996) .
These non-Cajal-Retzius (NCR) cells also receive synaptic inputs (Hestrin and Armstrong, 1996; Zhou and Hablitz, 1996) and are GABAergic (Gabbott and Somogyi, 1986) , whereas CR cells react with antibodies against glutamate, cholinesterase, calretinin, calbindin D-28K, and parvalbumin (Del Río et al., 1995; Huntley and Jones, 1990; Meyer et al. 1998) .
Because of the resilience of orientation maps in visual cortex to manipulations of cortical inputs during development, it has been proposed recently that the activity of the marginal zone could generate a "protomap" of clustered horizontal connections (Galuske and Singer, 1996; Schmidt et al., 1999) . This idea and the key role that spontaneous correlated activity has in CNS development (Shatz, 1990; Katz and Shatz, 1996) make it important to establish whether the marginal zone, which with the subplate are the earliest generated cortical layers, has spontaneous correlated activity.
In a previous study of postnatal marginal zone in hemisphere preparations, we discovered that NCR neurons had correlated increases in their intracellular free calcium concentration ([Ca 2ϩ ] i ), indicative of coordinated spontaneous activity (Schwartz et al., 1998) . These NCR networks were sensitive to synaptic blockers, and we postulated that they were controlled by CR neurons. To further investigate these networks and inquire whether the embryonic marginal zone also has correlated spontaneous activity, we have now performed similar experiments in isolated hemispheres from embryonic and postnatal wild-type (wt) and reeler mice. We find that, in mice, this correlated activity is already present in embryonic marginal zone and that CR neurons form part of these networks. Surprisingly, we do not find any major differences in correlated networks between wildtype and reeler mice, indicating that the layer 1 circuit is basically functional in reeler mice.
MATERIALS AND METHODS
Strains and establishment of reeler phenot ype. Animal handling and experimentation was performed in accordance with the National Institutes of Health Guide for the Care and Use of Laborator y Animals (National Institutes of Health publication number 86 -23, revised 1987) . We used Balb/C wild-type mice ranging from embryonic day 17 (E17) to postnatal day 10 (P10). C7 mice were also used for wild-type E15 experiments. Reeler mice of the Orleans (rl-Orl) strain were used from E15 to P6 and had a Balb/C genetic background. The reeler phenotype was identified in postnatal mice using parasagittal slices of the cerebellum to detect abnormal gyri and lamination and transverse slices of hippocampus to detect whether the pyramidal CA1 layer was intact. In embryonic animals and in some postnatal animals, we used PCR to detect the transposable element in tail extracts. Genomic DNA was used in a PCR reaction with primers to amplif y the wild-type reelin gene (CGAC TGC TC TGTC T-TCAGTCACGAG) sequence only expressed in wt reeler gene, the (C TCGAGTGAGGTCCAGTGGC TT) sequence expressed both in wt and mutated reelin gene, and the transposable element (GGATGGAC -C TGGAGAGCATCATCC) as marker of the mutant gene.
Animal dissection. Mice were anesthetized by hypothermia, and their brains were removed and placed in oxygenated artificial C SF (AC SF) (in mM: NaC l 120, KC l 3, D-glucose 10, NaHC O 3 26, NaH 2 PO 4 2.25, C aC l 2 2, and MgSO 4 2, pH 7.4, oxygenated with 95% O 2 -5% C O 2 ). For embryonic experiments, pregnant mice were anesthetized with ketaminexylazine, and pups were surgically removed and placed in ice-cold AC SF. Brains were dissected by splitting the hemispheres with a razor blade and gluing them to the bottom of a Petri dish filled with AC SF. The pia was caref ully removed under a dissecting microscope.
Loading of f ura-2 and pharmacolog y. Fura-2 AM (Molecular Probes, Eugene, OR) was dissolved in DMSO with 0.001% Pluronic acid (Molecular Probes). Following Schwartz et al. (1998) , we used a two-step incubation protocol. First, we incubated the hemisphere with 2-5 l of the 5 mM f ura-2 AM for 1-2 min. Then, we performed a second incubation with 3-5 ml of oxygenated AC SF with 5-10 M f ura-2 AM. The second incubation took at least 20 min and was performed in the dark at room temperature (ϳ25 C°). AP-5 (50 M), C NQX (20 M), bicuculline (30 M), and TTX (1 M) were dissolved in AC SF and bath applied. All drugs were obtained from Sigma (St. L ouis, MO).
Imag ing. After dye incubation, the hemisphere was placed under a fluorescent microscope (BX50W I; Olympus Opticals, Tokyo, Japan) equipped with 380 and 340 nm excitation filters and differential interface contrast (DIC) optics. For imaging, we used a silicon-intensified tube camera (Hamamatsu C2400 -08) and a frame grabber (LG-3; Scion Corp., Frederick, MD), connected to a Macintosh computer (Apple Computers, Cupertino, CA). Fluorescent images were taken at 380 nm excitation using time-lapse imaging (15 averaged frames, every 4 sec) for periods of up to 40 min. Images were acquired and processed by N IH Image. To prevent photobleaching, we used a shutter controlled by custom-written macros. The sample was perf used with standard (3 mM KC l) or high-potassium AC SF (in mM: NaC l 77, KC l 50, D-glucose 10, NaHC O 3 26, NaH 2 PO 4 2.25, C aC l 2 2, and MgSO 4 2). Spontaneous activity was imaged using 20, 40, and 60ϫ objectives. Single cell reconstruction. Neurons were filled with a patch pipette containing 1% biocytin injected with depolarizing current pulses (0.3 nA, 10 Hz) for 30 min. After fixation in 4% paraformaldehyde, slices were rinsed three times in PBS and incubated in 10% methanol -3% H 2 O 2 for 30 min. Slices were rinsed in PBS and incubated in a horseradish peroxidase-conjugated avidin -biotin complex (Peroxidase Elite ABC K it; Vector Laboratories, Burlingame, CA) prepared in 0.75% Triton X-100 for 3 hr at room temperature. Slices were then rinsed and reacted with a 2.5 mg /ml diaminobenzidine (DAB) solution in Tris buffer for 20 min. Biocytin-injected neurons were revealed by the DAB precipitate. Before final dehydration through an ethanol series, slices were stained with Nuclear yellow for demarcation of cortical layers.
Anal ysis. Changes in fluorescence in multiple cells were analyzed with a program written in interactive data language (Research Systems, Inc., Boulder, C O). We defined the fluorescence change over time as ⌬F/F ϭ (F 0 Ϫ F 1 )/F 0 . The onset of each calcium transient for every cell was determined using an algorithm that defined the onset as the frame after which the ⌬F/F change was larger than a given set threshold, typically a 3-5 pixel value units change per frame. This threshold algorithm was very sensitive but produced false positives in some cells in which noisy baseline values were scored as transients, as determined by visual inspection. C alcium transients detected by the program were caref ully inspected, and spurious events were removed before displaying the onset times on a raster plot. These raster plots were used to calculate the matrix of asymmetric correlation coefficients between all cell pairs, i.e., the proportion of times that a cell becomes active when another cell is also active. We then used contingency tables and 2 tests to detect which correlation coefficients were significantly greater than expected. Significant correlation coefficients were then used to generate a correlation map in which lines link neurons whose asymmetric correlation coefficient are significant ( p Ͻ 0.05) and in which the thickness of a line connecting any two cells represents the magnitude of the greater asymmetric correlation coefficient between the cells.
To test whether transients showed associations between neurons, we measured the number of simultaneous activations in a recording and used it as a test statistic. To determine its p value, we computed the distribution of the statistic under the null hypothesis of independent transients. To do this, we used Monte C arlo simulations with 1000 replications. The p value was then calculated as the proportion of the 1000 replications in which the test statistic exceeded the test statistic computed from real data. To simulate independent realizations of the transients, the number of transients in each train was preserved, but the times of the transients were chosen randomly. This approach is equivalent to assuming that the distributions of the transients behave as Poisson processes with varying underlying rates. We tested this assumption with control computation of p values using randomized starting times for each train and wrapping around the ends, without finding any different results.
We also performed two additional tests on each data set. The first detected cells that activated simultaneously and treated the number of coactive groups over the entire recording as the test statistic. The second test detected groups of cells that activated simultaneously more than once and used that number as the test statistic. Monte C arlo simulations were again used to estimate the significance of these two test statistics. Nonparametric tests were used to compare measurements. Comparison among p values was not attempted because of differences in sizes from the original populations.
RESULTS

Fura-2 AM loads CR and NCR neurons in developing mouse layer 1
To characterize the spontaneous activity pattern present in developing layer 1 in wild-type mice, we imaged hemispheres from 51 embryonic and postnatal animals (E15 to P10). Isolated hemisphere preparations, when maintained under adequate oxygenated solution, can be used for several hours for physiological studies of developing layer 1 (Schwartz et al., 1998) . After removal of the pia, layer 1 is the most superficial cell layer and can be clearly distinguished because of the distinct horizontal dendritic profiles of CR neurons (Fig. 1) . To assess morphologically which types of neurons were loaded with fura-2, we used DIC from layer 1 slices to identify whether labeled neurons were CR or NCR (Fig. 1 A) . To identify CR neurons, we applied the criteria that CR cells under DIC have one main dendritic process, oriented parallel to the pial in apparently random directions (Schwartz et al., 1998) . We confirmed this criteria for the mouse layer 1 using whole-cell recording of neurons that had a horizontal process under DIC to fill them with Lucifer yellow or biocytin. Camera lucida reconstructions of biocytin filled neurons demonstrated their clear CR morphologies and processes (Fig. 1C) . In layer 1 slices, we found that CR and NCR neurons labeled equally with fura-2 AM and, in hemispheres, we clearly detected in the fluorescent cells with horizontal processes, indicative of CR neurons, as well as other neurons without clearly visible processes, presumably NCR cells. In addition CR cells were usually larger than NCR cells. We concluded that fura-2 AM incubations loaded both types of layer 1 neurons in both slices and hemisphere preparations from developing mice.
Networks of spontaneously coactive neurons in wildtype mouse layer 1
In hemisphere preparations, spontaneous increases in [Ca 2ϩ ] i were detected in dozens of neurons (Fig. 2) . Both CR and NCR neurons participated in this spontaneous activity (Fig. 2C ). These spontaneous calcium transients were slow, with rise times of 4 -20 sec and decay times of 20 -50 sec. These time courses enabled us to follow their occurrence using time lapse imaging with slow frame rates (1 frame/4 sec) for long periods of time (up to 40 min) (Fig. 2C) .
To analyze the optical recordings, we first transformed the fluorescence intensities over time for each neuron into a raster plot in which the time of initiation of each calcium transient for each cell was marked (Fig. 2 D) . Although from visual inspection of the recordings it was not possible to detect clear spatiotemporal patterns to the activation, in many experiments our analysis showed spontaneous correlated activation of many neurons (Fig. 2 D, . To quantif y the degree of correlation present in the data set, we counted the number of times that any two cells had simultaneous onset activation times (i.e., in the same frame) and compared that number with the number of simultaneous activation times present in a distribution of 1000 random experiments, created with Monte Carlo simulations ( Fig. 3A ; see Materials and Methods). This comparison gave us a p value for the real data set that described the probability that the number of coactivations present in it was caused by chance and thus characterized the overall level of coactivation present in the recordings. This p value changed from preparation to preparation but was typically similar in recordings taken from the same preparation. It should be noted that this p value was normalized for the number of neurons, activation rates, and time resolution of the recording, because the Monte Carlo simulations were created using the same number of neurons, activations, and time intervals present in the real data set (see Materials and Methods) . This statistical analysis is only applicable if there are enough activations in a recording; otherwise, the test statistic (number of coactivations) cannot be computed. Using this analysis, we found that a substantial number of experiments (four of five record- Figure 1 . Fura-2 loading of CR and non-CR neurons in mouse layer 1. A, DIC image of a tangential brain slice from a P1 mouse cortex. The slice is viewed from its pial surface after the pia has been removed. Several CR neurons (numbers) can be distinguished by their long dendritic process. Putative non-CR cells (letters) lack any major process. Scale bar, 20 m. B, Fluorescence image of the same region after staining with f ura-2 AM. Note how both CR and putative NCR neurons are labeled by the indicator. C, Photomicrograph of a processed coronal slice containing a biocytin-filled CR cell. The major horizontal process can be distinguished. Scale bar, 50 m. D, C amera lucida reconstruction of neuron shown in C. The layer 1 border is drawn with a stippled line. Scale bar, 100 m.
ings in standard AC SF and 30 of 51 recordings in high K ϩ ACSF; see below) had significant levels of coactivation ( p Ͻ 0.05). These results show that, like rat developing layer 1 (Schwartz et al., 1998) , mouse layer 1 can sustain spontaneous correlated activity.
CR neurons participate in correlated networks in mouse layer 1
To identif y the neurons responsible for the correlated activity, we first plotted the significant asymmetric correlation coefficients, as assayed with 2 contingency tables, among all neuron pairs ( Fig.  3B ; Materials and Methods). This analysis produced maps with many significant correlations among neurons. Nevertheless, given the large number of active neurons present in our recordings, we reasoned that some of these putative correlations could be caused by chance coactivations. To f urther inquire which correlation was likely to be real, we used additional analysis, aimed at identifying (1) multiple coactivations of two neurons (two cells, many times) or (2) coactivation of multiple neurons (many cells, once) (Fig.  3C ). Both classes of events are very unlikely to occur because of chance given the multiplicative effect of low probabilities. Indeed, further Monte C arlo simulations of these groups in most cases produced p values for the occurrence of multiple coactivations of either type equal to zero, i.e., multiple coactivation never occurred in the simulated randomized experiments. This analysis showed that groups of neurons, ranging from two to nine neurons per group, sustained simultaneous calcium transients, therefore forming networks of coactive neurons. Using these two types of multiple coactivation, we then created correlation maps in which lines linked neurons that participated in multiple coactivation events (Fig. 3D) . These maps invariably showed that different networks of coactive neurons overlapped in the same territories, and, in many cases, individual neurons participated in more than one network. We concluded that overlapping networks of coactive neurons exist in mouse developing layer 1.
In our previous study of the spontaneous activity of rat developing layer 1, we did not detect instances of CR neurons participating in the coactive networks. Given the low activation rate that CR neurons had in our recordings from rat preparations, we reasoned that this negative result could have been produced because low activation rates made it unlikely that we record their coactivations with other neurons (Schwartz et al., 1998) . In our data from rat layer 1, however, we noticed that glutamate receptor antagonists blocked the coactivation of the networks. Given the fact that CR neurons are glutamatergic (Del Río et al., 1995) , we proposed that they could control the coactivation of NCR cells.
In our recordings from mouse layer 1, we indeed found that CR neurons were part of the correlated networks (cell 4 in Figs. 2,  3D) . Analysis of the correlation maps produced with both multiple coactivation detection methods explained above showed that CR neurons were involved in coactive networks with NCR and other CR cells (24 of 37 CR cells from 18 of 51 movies).
Development of correlated networks in wild-type layer 1
To study whether there were developmental changes in these correlated networks, we imaged the spontaneous coactivations of layer 1 hemispheres at different ages, ranging from E15 to P10 (Figs. 4, 5 ). To characterize the overall level of correlations, we used the p value of the simultaneous correlations, calculated as explained. Neither the proportion of experiments that showed significant p values ( p Ͻ 0.05) nor the average p value that resulted from pooling all the experiments together changed significantly in the ages examined (Fig. 6 A) . These results show, for the first time, that correlated spontaneous activity is present in the marginal zone at embryonic ages, and they also indicate that the overall level of spontaneous correlations is relatively constant in the late embryonic and early postnatal layer 1 in wild-type mice. Similarly, there did not appear to be a significant developmental trend in the average rate of spontaneous activation (Fig. 6 B) or the average number of cells that were spontaneously active (Fig. 6C) . Finally, we found involvement of CR neurons in the networks at different ages, without any clear developmental trend (Fig. 6 D) . We conclude that these features of the layer 1 networks are preserved without major changes during embryonic and early postnatal development.
Coactive networks in wild-type mouse layer 1 are mediated by glutamate and GABA
To characterize whether these correlated networks were mediated synaptically, we used bath applications of antagonists of glutamate receptors, GABA-A receptor, and sodium channel and measured their effect on the control p values, calculated from recordings of the same neurons under identical experimental conditions (Fig. 6 E) . The p value was again computed with a Monte Carlo simulation that generated 1000 random iteration of the data (see Materials and Methods) to produce a random distribution of the number of coincident calcium transients. The p value for the real movie was then calculated directly by comparing its number of coincident events with this distribution. To ensure that the level of activation of the neurons was high and thus enhance our detection of possible effects of these blockers on the correlations, we used high-potassium (50 mM) AC SF instead of normal (3 mM) AC SF, because, from our previous work in rat layer 1 and from control experiments in mouse layer 1, both 3 or 50 mM KC l produced significant p values in most of the recordings (for 3 mM, four of five recordings with p Ͻ 0.05; mean p ϭ 0.058; for 50 mM, 27 of 48 recordings with p Ͻ 0.05; mean p ϭ 0.162).
In mouse layer 1, the sodium channel blocker TTX, which blocks axonal conduction, produced increases in the average p value from control recordings, indicating that their application reduced the correlations present (Fig. 6 E) . These increases in p value occurred in the absence of significant effects in the activation rate or in the number of active neurons, suggesting that the spontaneous calcium transients still occur but become decorrelated in TTX. Similar results were found with the glutamate receptor antagonist C NQX and with the GABA-A antagonist bicuculline methiiodide (BM I) (Fig. 6 E) . Results from experiments with the NMDA receptor antagonist AP-5 also produced a decorrelation of the spontaneous activity. Again, their effects occurred in the absence of effects on activation rates or number of active cells. Because CR neurons are glutamatergic and NCR neurons are GABAergic, these results are consistent with the network correlations being mediated synaptically by NCR and CR neurons.
Networks of spontaneously coactive neurons in reeler mouse layer 1
We wondered whether these coactive networks were affected in reeler mice. Because of disrupted reelin production by CR cells, these mice have profound defects in cortical lamination and in afferent pathfinding in hippocampal marginal zone (Caviness and Sidman, 1973; D'Arcangelo et al., 1995; Hirotsune et al., 1995; Ogawa et al., 1995; Del Río et al., 1997; Borrell et al. 1999) . Therefore, we expected that the connectivity in layer 1 would also be disrupted because of both migratory or pathfinding defects.
To explore layer 1 networks in reeler, we used animals from the Orleans reeler strain (rl Orl), a frame-shift mutation resulting from the insertion of a P1 transposable element within the coding sequence of reelin gene (Takahara et al., 1996; De Bergeyck et al., 1997) . In hemispheres from reeler mice, we also encountered spontaneous calcium transients in both CR and NCR neurons with a complicated spatiotemporal pattern (Fig. 7) . Statistical analysis of these data sets computing a global p value for the entire correlation matrix (as above) also produced significant levels of correlated activity in most recordings (in standard ACSF, two of three recordings with p Ͻ 0.05; mean p ϭ 0.18; in high K ACSF, 16 of 33 recordings with p Ͻ 0.05; mean p ϭ 0.151). Further analysis focusing on the occurrence of either multiple correlations of the same two neurons of single correlations of multiple neurons also indicated that the correlated activity was extremely unlikely to be attributable to chance (Fig. 8) . This analysis also showed the presence of networks of correlated neurons superimposed in the same cortical territories (Fig. 8 D) . These networks were composed of both NCR and CR (cell 12 in Figs. 7, 8 ) neurons. Thus, we concluded that the reeler phenotype did not disrupt the appearance of the correlated networks in developing layer 1 and that CR neurons are also part of these networks.
Quantitative differences in correlated activity in reeler hemispheres
Although the networks found in reeler hemispheres resembled those found in wild-type mice, we wondered whether there could be significant differences in them when compared during their development. We therefore performed a developmental study of the networks in reeler mice (Fig. 9) using the same ages that we had used previously for our wild-type study (Fig. 6) . In this comparison, we noticed a developmental trend in reeler hemispheres to be more decorrelated with age, as revealed by both a decrease in the number of hemispheres with significant correlations ( p Ͻ 0.05) and an increase the average p value for the correlation present in all the experiments (Fig. 9A) . Compared with wild type, reeler hemispheres had lower rates of activation (Fig. 9B ) and increased number of active cells, a small effect that was statistically significant at P1 and P4 (Fig. 9C, asterisks) . Finally, the participation of CR neurons in the networks of both reeler and wild-type hemispheres was similar (Fig. 9D) . These results suggested that, although reeler hemispheres had more active neurons, their rate of activation was slightly lower than those found in wild-type mice. Also, the reeler networks appeared to become increasingly decorrelated with age.
Coactive networks in reeler layer 1 are blocked by glutamatergic and GABAergic antagonists
We finally investigated whether the mechanisms underlying the networks correlations was different in reeler hemispheres. For this purpose, we repeated with reeler (Fig. 9E ) the same pharmacological experiments used in wild type (Fig. 6 E) . As opposed to wild-type hemispheres, in reeler the addition of 50 mM KCl ACSF produced a significant increase in the total correlations, as measured with our global p value. Like in wild-type mice, the sodium channel blocker TTX, the glutamate blocker APV, and the GABA-A receptor blocker BM I produced a significant increase in the correlations, indicating that these networks were also synaptically mediated and that glutamatergic and GABAergic pathways were also involved.
DISCUSSION
Synaptic control of spontaneous correlated calcium transients
For this study, our rationale was to use calcium imaging from populations of neurons to detect their activity patterns and then apply correlation analysis to the spatiotemporal activity patterns to identif y which neurons had correlated activity which were statistically significance difference from chance. Although calcium is a second messenger, the availability of sensitive calcium indicators that can be bulk-loaded using AM esters (Tsien, 1981; Yuste, 1999) , and the tight correlation between neuronal activity and increases in intracellular free calcium concentration ([Ca 2ϩ ] i ) make it possible to use calcium imaging to indirectly monitor neuronal activity from populations of neurons (Yuste and Katz, 1991; O'Donovan et al., 1993; Wong et al., 1993; Smetters et al., 1999) .
We focused in characterizing the patterns of spontaneous calcium transients present in layer 1 from hemispheres from wildtype and reeler embryonic and early postnatal mice. The cellular mechanisms that cause these calcium transients are still unclear. Because they are not blocked by TTX, they cannot be directly produced by sodium action potentials. Because of their slow kinetics and high amplitudes, these transients are likely caused by the release of calcium from internal stores (Berridge, 1998) . In fact, in both cultured pyramidal neurons (Jacobs and Meyer, 1997) and pyramidal neurons in neocortical slices (A. Tashiro and R. Yuste, unpublished observations), release of calcium from internal stores has been demonstrated. Regardless of the cellular mechanism, in this study we use the spontaneous calcium transient as an assay to characterize the activity of the network. Like in our previous study in rat layer 1 (Schwartz et al., 1998) , we find that these calcium transients are statistically correlated among groups of neurons and that application of TTX, GABAergic, and glutamatergic blockers block the correlations, without affecting the rate of occurrence of the transients. This pharmacological sensitivity confirms that these correlations are not an artifact of our statistical analysis and indicates that the time of occurrence of a calcium transient is under synaptic control, perhaps mediated by calcium-induced calcium release.
Distributed circuits in layer 1 and possible roles of network activity
We interpret our results as evidence of specific synaptic networks in developing layer 1. These microcircuits are superimposed in the same territories, and we have encountered many cases in which a particular neuron can be part of different coactivation events. Therefore, our results are in principle consistent with a distributed network (Hopfield, 1982; Douglas and Martin, 1998) present in layer 1.
What is the role of these coactive networks in developing layer 1? We can imagine two major functions: a developmental one or a computational one. Like in the developing visual system (Shatz, 1990; Katz and Shatz, 1996) , coordinated activity in developing layer 1 could be implicated in activity-dependent developmental rules. Coactivation of layer 1 networks could have consequences for the formation of intrinsic connections within layer 1. Also, because of the importance of CR neurons in controlling neuronal migration (Caviness and Sidman, 1973; D'Arcangelo et al., 1995; Hirotsune et al., 1995; Ogawa et al., 1995; Soriano et al., 1997) and pathfinding Borrell et al., 1999) and perhaps even pyramidal neuron development (Marín-Padilla and Marín-Padilla, 1982) , network activity of layer 1 could influence the formation of connections in other cortical layers, particularly because migrating neuroblasts and apical dendrites from most pyramidal neurons establish synaptic contacts in layer 1 (Marín-Padilla and Marín-Padilla, 1982) . Indeed, because of the resilience of orientation maps in neocortex to manipulations of cortical inputs during development, it has been suggested that spatially modulated activity of the marginal zone could generate a protomap of intrinsic cortical connections (Schmidt et al., 1999) . In fact, the long-range projections of CR neurons could be related to the clustered horizontal connections (Galuske and Singer, 1996), which are also present in rodents (L ohmann and Roerig, 1994) . Further experiments, either correlating the projections from CR neurons or the networks we describe with orientation maps or clustered horizontal projections, could be used to test this hypothesis.
Another possible role of these coactive networks could relate to the information processing performed by layer 1, both during the developing and adult circuit. Both anatomical (Rockland and Virga, 1989) and physiological (C auller and Kulics, 1991) data suggest that layer 1 is a specialized recipient of feedback information coming from higher cortical areas, so these layer 1 networks could be involved in the gating or control of feedback to the cortical circuit.
It seems to us that a direct way to test the putative developmental or f unctional role of layer 1 networks is the local infusion of TTX, which decouples the networks. In one study, TTX infusion in the superficial layers of late postnatal kitten cortex blocked ocular dominance plasticity, without any gross disturbance to the cortical architecture (Reiter et al., 1986) . A similar type of experiments with local TTX infusion in layer 1 at embryonic or early postnatal ages could be useful to evaluate the importance of layer 1 activity during development.
Role of CR in coordinating layer 1 network activity in wild-type and reeler mice
We draw three main conclusions from our results: (1) CR neurons participate in the correlated networks in mouse layer 1, (2) these networks exist in embryonic marginal zone, and (3) there are small differences in these networks between wild-type and reeler mice. In our previous study in rat developing layer 1, CR neurons did not participate in the networks, although this could have been caused by the low activation rates. In the mouse, most CR neurons that are active are part of a correlated network. This indicates that CR neurons, which have prominent axonal and dendritic arborization in layer 1, synapse and receive synapses, respectively, from particular groups of non-CR neurons, thus forming neuronal microcircuits in developing layer 1. Also, in our previous work, we never explored embryonic ages. Together with evidence showing synaptic contacts at the subplate (Hermann et al., 1994) , our data show that the earliest generated cortical neurons can sustain spontaneous correlated activity. The presence of this spontaneous correlated activity during the earliest phase of cortical development could have a major effect in the fate and connectivity of later generated neurons.
Given the devastating effect of the reeler phenotype in the cortical architecture, we find it surprising that we cannot detect larger differences in layer 1 networks between wild-type and reeler mice. We have confidence that our statistical approach is valid, because it can be affected specifically with pharmacological blockers and also because the multiple correlations tests detect correlations in both wild-type and reeler that are extremely difficult to explain by chance (Figs. 3C, 8C ). It remains possible that other assays of the circuit may show more pronounced differences, but at this point our conclusion is that the layer 1 circuits in wild-type and reeler mice are basically similar.
Nevertheless, in our study, small differences were found between wild-type and reeler. The reeler hemispheres appear to have more correlated activity early in their development (Fig.  9A) . Also, neurons in reeler hemispheres show a smaller rate of activation, albeit the number of active cells is slightly higher (Fig.  9B) . It is possible that the increased thalamic innervation found in reeler layer 1 (Molnar et al., 1998) could help synchronize better these marginal zone networks.
Development of circuits in reeler: implications for pathfinding mechanisms in neocortex
Why are the layer 1 networks relatively intact in reeler mice? One possibility is that the intrinsic circuitry in layer 1 is normal in reeler mice. Thus, although reelin has major effects in regulating neuronal migration (Caviness and Sidman, 1973) and axonal growth , the neurons located in layer 1 themselves would somehow be "immune" to the lack of reelin. Further experiments characterizing in detail the anatomical con- Figure 9 . Quantification of the spontaneous activity in reeler and pharmacological blockade of the networks. Same convention as in Figure 4 . A, Histogram of the degree of correlation as a f unction of age. Note how the networks become more decorrelated with increasing age. B, Histogram of the activation rate as a function of age. C, Histogram of the number of active cells as a f unction of age. Asterisk s mark ages that are statistically significantly larger ( p Ͼ 0.05) than wild-type hemisphere (see Fig. 6C ). D, Percentage of the active CR cells that form part of a network. E, Pharmacological effects on the reeler networks. Histogram of the average p value (as above) under 3 mM K ϩ AC SF, AP-5 (50 M), BM I (30 M), and TTX (1 M). White bars are the mean p value under each test, and black bars represent control experiments using 50 mM K ϩ AC SF. Note how, in reeler layer 1, AP-5, BMI, and TTX also increase the average p value (i.e., decorrelate the networks).
nectivity present in reeler layer 1 could address this interesting scenario.
An alternative possibility, which we favor, is that layer 1 is actually disrupted in reeler but that the axonal pathfinding mechanisms responsible for setting up the microcircuitry in layer 1 and between layer 1 and other cortical layers can overcome the disruption of the cortical architecture. This idea is consistent with previous f unctional studies of reeler cortex. For example, retinotopy, thalamocortical, and cortico-cortical projections and receptive fields of transcallosal neurons in reeler are indistinguishable from that of normal mice Pearlman, 1982, 1983; . Given the highly specific connectivity that is thought to underlie the building of receptive fields in the cortex, it seems to us that the precise axonal pathfinding mechanisms and/or synaptic rearrangements that occurs in wild-type animals are basically intact in reeler neocortex. This would imply that gradient information is not essential for intracortical axonal pathfinding and the mechanisms responsible for this precise connectivity are so robust that the axons can still find their correct targets despite their abnormal positions.
